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ABSTRACT
The self-heating of small foil resistance strain gages is
studied both analytically and experimentally. The thermal
resistance of the strain gage-specimen combination is obtained
and utilized in relating the steady state temperature rise of
the gage grid to the magnitude of the electrical current flow-
ing through the gage. It is shown that the primary mechanism
for dissipation of the gage self=heat is conduction through the
gage backing, bonding adhesive, and specimen, then radiation
and convection from the specimen surfaces to the environment.
The heat dissipation paths provided by the lead wires and the
exposed gage grid and tab surfaces are found to account for a
negligible fraction of the heat transferred. For the smallest
gages the backing and adhesive contribute nearly all of the
thermal resistance of the primary path. In the latter cases
it is shown that gage heating is substantially independent
of the thermal conductivity or size of the specimen and that
the gage power dissipation per unit grid area is the dominant
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The usefulness of resistance strain gages is dependent
upon the accurate measurement of resistance changes due to
changes in external loading. In practice, however, the measured
change in resistance is not always entirely attributable to
the load change since the resistivity of the gage material is
dependent upon temperature. Strain gage resistance also varies
with the temperature dependent elongations of both the gage
and the specimen to which it is attached, A great deal of
study in the strain gage field has been concerned with the ef-
fects of elevated environmental temperatures on gage performance
and methods by which these effects may be compensated or elimi-
nated /l2| 13$ 2h't 27| 28|29s 3^j 37j U2^ l£j U8/.* But, in
most investigations to date, the effect of self-heating by the
I^R losses of the gage has been either neglected or described
in general terms.
Since foil gages were introduced into the resistance strain
gage field the size of these devices has been greatly reduced.
Miniature foil gages are presently available with gage lengths
as small as 0.015". Because of the very small area available
for dissipation of the Joulean heat in these miniature gages
the apparent strain due to the self-heating effect has be-
come an even more appreciable part of the gage output than
^Bibliographic references are shown as /l-l,2j 2/. This
example would indicate reference #1, pages 1 and 2 and reference
#2 in the Bibliography beginning on page bh .

that for the larger foil and wire gages. In some applications
this effect might be the limiting factor on gage utility since
the sensitivity of the strain indicator is directly proportional
to the gage current /2£j h2/ while the amount of heat generated
is proportional to the square of the gage current (I R).
This study was undertaken, then, in an attempt to deter-
mine some of the self-heating effects on the performance of
very small foil gages. A more specific goal of this study was
to obtain a rational expression relating the steady-state gage
grid temperature and the thermal power dissipated by the gage«
The analytical treatment of the problem involves a theoretical
heat transfer analysis leading to an expression for the thermal
resistance of the gage-specimen system. The validity of the
theoretical predictions concerning gage performance is then
determined experimentally. Because of the many variables in-
volved in strain gage technology the experimental investigation
was restricted to determining the effect of several values of
gage current on small foil gages of the same type, but of
different dimensions, attached with the same bonding adhesive




In order that a resistance strain gage may accomplish
its designed function an electrical current must flow through
it. But, when the current flows through this region of rela-
tively high resistance some of the electrical energy provided
becomes "lost" to the electrical circuit. This "lost"
electrical energy manifests itself as heat and must be removed
from the immediate vicinity of the strain gage to prevent ex-
cessive grid temperatures which enhance the occurrence of the
undesirable effects described below. The self-heating prob-
lem in these gages, then, is primarily concerned with the
amount of heat generated and the means by which it may be dis-
sipated.
The thermal power developed by an electrical resistor is
q - I2 R . (1)H
o g g
v '
For application to the case at hand, q is the heat generated
per unit time by the electrical current flowing through the
gage, I is the electric current flowing, and R is the
electrical resistance of the gage.
As an example, if a current of 50 milliamps flows through
a 120 ohm gage the heat generated is only 0.300 watt or 1.02ii
BTU/hr. However, as shown below, almost all of the heat
generated per unit time is dissipated from one face of the gage
grid under steady state conditions. Considering the total grid
area for a gage having grid dimensions of 0.015" x 0.020" this

small amount of heat results in a heat flux of about Ii90,000
BTU/hr-ft 2 . For purposes of comparison, the maximum heat flux
in the seed elements of the Shippingport Thermal Nuclear Power
Reactor is 118,000 BTU/hr-ft2 / 6-587/. Since the local
temperature rise above a given datum is directly proportional
to the heat flux there will be an appreciable temperature rise
at the gage grid in the above example.
Scott A5-80/ divides the effects of this temperature rise
into three stages. In the first stage, small temperature in-
creases result in apparent strain indication because of the
temperature coefficient of resistance effects as described be-
low. This stage is characterized by a near-linear relation-
ship between apparent strain and the power dissipated by the
gage. Further increases in gage current (and hence temperature)
cause the gage bond to be weakened and lower the sensitivity
of the gage to strain changes in the specimen. In this second
stage the relationship between apparent strain and temperature
becomes non-linear. Increasing the current further still in-
creases the departure from linearity and eventually results
in destruction of the gage. This is the third stage.
For reliable strain indications^ then, it is desirable to
know the apparent strain for a given gage current. This may
be obtained in three steps for the range of first stage tempera-
ture effects (the normal operating range for most applications).
First, the temperature of the gage must be determined as a





where; aT is the average temperature rise of the gage
grid above the ambient temperature of the
environment,
R.. is the equivalent thermal resistance of the
gage-specimen system, and
q is as previously defined.
Then, combining (1) and (2),
ATo- Ig Rg Rth • «
Second, the fractional resistance change as a function of
temperature is obtained,, This expression may be written as
A m VI AT - Id R R,. (10
R
l
g g th vu/
where l^ is defined as the temperature coefficient of electri-
cal resistance of the strain gage system. Finally, the ex=







is used to determine the apparent strain 6 , where F is
the gage factor supplied by the manufacturer for the gage*
Combining (h) and (3>)
«a " ? (1 !g »g V. («>
which is the desired relationship.

Calculations of apparent strain will not be made in this
study but are easily obtained from Eq. (6) provided that the
parameters indicated are known,, For any gage installation the
gage factor and gage resistance are provided by the manufacturer,
The gage current may be easily obtained from measurements.
However, the temperature coefficient of ' electrical resistance
t
and the equivalent thermal resistance of the system must be de-
rived.
For environmental temperature changes it may be shown
/l;£-86/ that the temperature coefficient of resistance for the
system is
*?''
-fi- «+ f(«*p =*> (7)
where s & is the temperature coefficient of resistivity for
the gage material,
OC is the coefficient of thermal expansion for the
gage material,
OC is the coefficient of thermal expansion for the
specimen material, and
f is the strain sensitivity of the gage material
A8-II.22.29/.
This expression was developed originally for wire gages but
also may be applied to foil gages.
If the gage is self-temperature~compensated for a given
type of specimen material then (7) becomes




where 0< is the thermal coefficient of expansion of the
material for which the gage is compensated,, Then, in general,
for the self-temperature-compensated gages on different materials,
subtracting (8) from (7),




which is the result shown by Higson /28-159/.
Combining the work of Stein /li8-1.6/ and Perry and Lissner
/Ii2~l58,l£9/ it may be shown that
t -




wheres k is the transverse sensitivity ratio of the gage
grid,
u is Poisson's ratio for the compensated specimen
material, and
f and F are as defined above.
The transverse sensitivity ratio, k, is extremely small for
these small foil gages because the end loops which join adjacent
grid filaments are much larger than the filaments themselves
/l<=Iij5"3/. Considering the order of the approximations to be
employed in the heat transfer analysis, it may be assumed that
the transverse sensitivity in (10) is negligible and
f -F . (11)
For the case of self-heating, however, Eqs. (7), (8), and
(9) do not strictly apply because the temperature rise at the
gage grid is greater than the rise at the surface on which the
strain is being measured. In addition, the temperature rise

at the specimen surface is confined to a very small region.
Since all of the specimen material except this minute region
is at an appreciably lower temperature it will act as a physi-
cal constraint on the higher temperature region resulting in
a practically negligible thermal expansion of the region. Hence,
the thermal strain in this region (cK AT) is assumed to be
negligible and the temperature coefficient of resistance of the





The equivalent thermal resistance of the system, Ri. h s
used in Eq. (6) is most difficult to obtain. The determina-
tion of its magnitude requires a steady-state heat transfer
analysis of the entire strain gage-specimen complex. This
parameter is the major topic of the remainder of this study.
To begin this heat transfer problem it may be observed
in Figure 1 that, basically, there are three paths by which
the Joulean heat may be removed and dissipated. These ares
(1) by conduction through the gage backing, the bonding adhesive
and the specimen to which the gage is attached^ (2) by conduc-
tion through the gage covering (if there is any) and then by
radiation and convection from the exposed surfacej and (3) by
conduction, radiation and convection from the terminal tabs
and leads. The latter is actually composed of two paths since
there is a tab at each end of the gage. This system, in


























































lead gage installation. It may be noted from the figure that
if the gage is connected by the usual two- lead method both tab
paths would be identical. In that case it would be necessary
to show only one path on the diagram with the understanding
that its equivalent thermal resistance is one half of that for
either of the individual paths. The pigtails and terminals
will be considered with the lead wires.
The nomenclature of Figure 2 is as follows?
qt heat dissipated from a tab per unit time
q_ heat dissipated from exposed grid surface
per unit time
q heat dissipated through specimen from gage
p
grid per unit time
q. heat dissipated by a lead per unit time
q heat dissipated from exposed tab surface per
unit time
q, heat dissipated through specimen from gage tab
per unit time
To© ambient temperature of environment
T average gage grid temperature
T, average tab temperature
T average temperature between backing and cement
under grid





T average temperature between cement and specimen
under grid
T . average temperature between cement and specimen under
tab
R, resistance to heat flow through gage backing under
grid
R „ resistance to heat flow through adhesive under grid
eg
R^_ resistance to heat flow through specimen and its
surfaces under grid
R_ resistance to heat flow from exposed surface of gage
grid
Rt resistance to heat flow from gage grid to tab
Rbt resistance to heat flow through gage backing under tab
R
c^
resistance to heat flow through adhesive under tab




resistance to heat flow from exposed surface of gage
tab
R resistance to heat flow through a lead wire
Considering this schematic diagram as an electrical analogue
of the steady state heat transfer mechanism, basic electrical
circuit analysis /38j3!?/ will permit calculation of the gage
temperature for a given gage current by Eq. ( 3) provided the




Determination of the various thermal resistance parameters
by the methods of rigorous heat transfer theory /11j16j19|21j22j
31;33;h3;[ilt|h6;ii9/ and then combining them to form Rt < would
indeed be most complex and quite formidable. Since one of the
objectives of this study was to attempt to develop relatively
simple, rational expressions for the behavior of the system a
less complex approach was devised.
The individual thermal resistance parameters were developed
by means of linear heat transfer theory and appropriate approxi-
mations in Appendix I. The associated assumptions and result-
ing restrictions were included for each parameter obtained.
Normal procedure would then be to combine these resistances
in parametric form by circuit analysis methods to arrive at the
equivalent thermal resistance of the system. As can be readily
imagined, the algebra involved in performing this task for the
circuit of Figure 2 with the resistance parameters developed in
Appendix I would become quite involved.
Alternatively, the individual thermal resistances were
evaluated in Appendix II using relevant physical properties and
dimensions for the system components. From the relative magni-
tudes obtained for the resistance parameters and their respec-
tive locations in the circuit it was observed that most paths
transmit a negligible fraction of the heat. In particular, it
was shown that the lead wires have a negligible effect on the
.
heat transfer mechanism and that the only path by which any
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appreciable amount of heat is dissipated to the atmosphere is
through the specimen. Thus, based on the results of Appendix II,
the equivalent thermal circuit of Figure 2 was reduced to that of
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Figure 3.
Reduced Schematic Diagram of












The parameters employed in Eq. (13), as defined in Appendices
I and II, are:
Aq the total surface area covered by the gage grid
db the thickness of the gage backing
d
a
the thickness of the bonding adhesive
k
fa
the thermal conductivity of the backing material
kg the thermal conductivity of the adhesive
t the thickness of the specimen under the gage
k_ the thermal conductivity of the specimen material
rp the equivalent radius of the specimen surface
h the surface coefficient of heat transfer
Examination of the calculated values for R^ listed in
Table II-8 (p. 11-22) shows that the overall thermal resistance
has relatively little dependence on the specimen size except
for the gage with 3.9 x lCT^ in2 grid area where, as will be seen
below, the self-heating effect is much less significant than for
the smaller gages. The tabulated values also indicate that the
variation with specimen material between the highly conductive
aluminum and the poorly conducting stainless steel is less than
10% for the smallest gage and only about 20f for the largest of
the three gages. It is quite evident, however, that the greatest
variation is due to the gage size and its effect on the resistance
of the backing and adhesive.
Based on these results it is hypothesized that for the small-
est gages (those with grid areas of less than 0.001 square inches)
the specimen dependence can be eliminated from Eq. (13)- For
15

these extremely small gages, then, the equivalent thermal resis-
tance of the system becomes
lth kb *a
(Hi)
Having obtained an expression for Rth , the average gage
grid temperature for a given gage current may now be obtained
from Eq. (3)
s
T_ » T» + I2 R R.v . (l£)
o ta g g
For the general case R t^ may be calculated from (13) • For those
installations utilizing extremely small gages the thermal
resistance may be approximated by (lit) and the grid temperature
rise becomes
AT,
h Rg db * da (16)
As stated by Stein /hi / and others, the performance of a
strain gage installation is only as good as the quality of the
bond between the gage and the specimen. It has been tacitly
assumed in the preceding derivation of R . that the gage is
perfectly bonded to the specimen. If, for a given installation,
a good quality bond is not assured the performance of the system
would be highly unpredictable.
16

3. Experimental Procedures and Equipment
The primary objective in conducting these tests was to
verify the validity of the expression for the equivalent thermal
resistance of the system, Eq.(ljl)» It is generally accepted /3ii-
Wj8; 1-8/ that the material and size of the specimen are limit-
ing factors on the operating power level of the gage. The theoreti-
cal results of Section 2 indicate that these variables have a
relatively minor effect on the heat transfer mechanism of the
system. More specifically, then, these tests were performed to
determine the effects of the specimen size and material on heat
dissipation. In addition, tests were made to determine the
validity of the approximations leading to the reduced thermal
circuit of Figure 3. These were the negligibility of lead wire
effects and that of heat dissipation from tabs and exposed grid
surfaces. Further tests were made to verify the effects of gage
size on the combined thermal resistance and to determine the
extent of the linear range of fractional resistance change with
power level.
The gages used for these tests were temperature compensated
for stainless steel and are described in detail in Appendix II-A
(p« II-l)» They were bonded to square, flat plates of stainless
steel in the 300 series and 2021; aluminum alloy at the approxi-
mate center of the plate surface with Eastman 910 adhesive. The
installation procedure prescribed by Bean /l0/ and Perry and
Lissner /h2-h3/ employing cellophane tape and the "wallpaper
17

hanging" technique was used to attach the gages and terminal
strips. However, thumb pressure was applied for two minutes
instead of the specified one minute because of a failure in one
of the early applications.
Leads were attached using Bean's "Tape Masking System" /lO/.
In the early tests AWG #22, solid, copper wire with vinyl insula^
tion was used for the leads. A single strand of 22 gage stranded
wire was used for the pigtail extending from the terminal strip
to the gage tab. These leads vere found to be very stiff and
cumbersome and after a few terminal strips and gage tabs were
pulled off a change was made. In all of the later tests AWG #28,
stranded, copper wire was employed for connecting the gages and
a single strand of this wire was used for the pigtail. The lead
size used in each test is tabulated with the results of that
test in Appendix III.
As previously stated, one of the prerequisites for obtaining
meaningful results is the assurance of a good adhesive bond between
the gage and the specimen. Following the recommendations of the
Eastman Kodak Company /2-2/ and Stein /Ii8-=II . 23 . Uo/ the gage-
specimen systems were "baked out" in order to try to establish
uniformity among the various installations. A Cenco-DeKhotinsky
Constant Temperature oven was used. Temperatures were cycled to
approximately l65°F at a rate of from four to eight hours per
cycle. Several temperature cycles were made for each installation
to accelerate curing, increase the bond strength and minimize
thermal hysteresis. The number of temperature cycles prior to
18

each test is tabulated vrith the results. Electrical resistance
versus temperature data were taken for a number of these cycles
and are presented in both tabular (p. III-6) and graphical (p. 32)
form.
Two methods of experimental verification of the equivalent
thermal resistance of the system were attempted i directly by
temperature measurement and indirectly by resistance measurements.
The same basic equipment arrangement was used for both methods.
The test plate was supported, gage side up, by wooden dowels
at each corner. The dowels, set into tight fitting holes in a
base board, held the plate about eight inches above the board.
This allowed sufficient space for natural convection from the
bottom of the plate.
An Ellis Associates' Bridge Amplifier Meter, Model BAM-1
/3;li2-85/ was used to provide the basic Wheatstone bridge circuit,
power supply and indicator. This instrument was selected primari-
ly for its capability to provide steady bridge voltage at variable
levels with the simplest of controls, a potentiometer. It may
be used with gage currents up to £0 milliamps by adding batter-
ies at external terminals. The bridge voltage may also be
measured at external terminals. These features made it parti-
cularly suitable for controlling gage current over a wide
range.
All tests were made with the power switch of the BAM-1 set
at "2". This eliminated a 120 ohm internal resistor in series
with the batteries and provided for connection of two external
19

gages. Rather than use a dummy gage which would compensate
for the temperature effects in the test gage, a General Radio
Decade Resistor, type #ll02-M, was used at a setting of 120 ohms.
This is a high quality device and, according to the manufacturer,
may be used as a laboratory standard for currents up to 80 milli-
amps at 120 ohms. This limit is well above the current excursions
in these experiments.
The applied bridge voltage, V« , was measured at terminals
A and B on the BAM-1 using a Weston d-c voltmeter, Model 931.
Voltages were read on the 0-l£ volt scale except for the runs to
detect non-linearities. For the latter cases the applied voltage
range was extended to obtain higher gage currents and the re-
quired higher voltages were read on the 0-l!?0 volt scale with a
corresponding loss of accuracy. Since the BAM-1 contains only
12 volt bridge supply batteries, they were supplemented by the
series addition of external batteries when the gage test currents
so required. When an additional battery was inserted the circuit
remained the same except that the gage connection was moved from
terminal B on the BAM-1 panel, where the negative terminal of
the external battery was now connected, to the positive terminal
of the external battery, B' . (See Figure h, p. 27)
The test gages were connected to the BAM-1 and the decade
box by the three-wire method A2-71| 2li-ll67j 39-17/, for most
of the runs. This system was employed to compensate for any
resistance changes due to temperature variations in the lead
wires. In this manner, the observed temperature effects were
20

restricted to those considered in the theoretical analysis of
Section 2. For determining the lead wire thermal effects the
test gage was connected in the standard two-wire bridge arrange-
ment.
The direct method for thermal resistance verification is
based on Eq. (3), from which
Rth " *?<> / ^ Rg • (17)
That is, the equivalent thermal resistance of the system is
equal to the average temperature rise of the gage grid per unit
power dissipated from the gage. Hence, the desired thermal
resistance may be obtained for a given gage and operating level
from measurements of the grid and environmental temperatures.
Because of possible inaccuracies in measuring the required
parameters, the thermal resistance would, in practice, be deter-
mined as the average slope from a plot of the grid temperature
rise versus gage power level for various values of gage current.
The temperature of the atmosphere in the vicinity of the test
apparatus was measured with a laboratory grade mercury thermo-
meter, Cenco #1923S>~A. Determination of the grid temperature
proved to be most difficult.
It was expected that a measurement of the temperature at
the approximate center of the exposed grid surface would yield
a value somewhere between the average and the maximum grid
temperature. Using this measured value in Eq. (17) with the
corresponding gage current and electrical resistance would




Baker /8-II.170/ states that, "Unfortunately, the procedure
of measuring temperatures at interior points and extrapolating
to the surface is almost the only unequivocal method for the
measurement of surface temperatures, and it is not always
possible to apply this method." It is definitely impossible to
apply this method to the thin foil of the grid and quite imprac-
tical to use it at any other location where a significant tempera-
ture rise exists without completely disrupting the heat transfer
mechanism of the ordinary gage installation. Some portable
surface-contact thermocouples /8-II. 176/ are commercially avail-
able but these are either surface piercing types or cover too
large an area and are not considered feasible for use in this
case. This surface temperature measurement is further compli-
cated by the fact that the temperature measuring device must
be electrically insulated from the surface so as not to alter the
current flow through the grid.
In spite of the complications described above, it was de-
cided to attempt to measure the surface temperature of the grid
by thermocouple techniques. A basic, two junction thermocouple
circuit /7-15/ was set up with the reference junction immersed
in an ice bath. A Leeds and Northrup #776Ii9ii null-detecting
potentiometer was used as the indicating instrument.
Two different detecting junctions were tried. The first
was composed of 0.010" diameter iron and constantan thermocouple
wires. These were butt-welded together to form the junction
22

using a Micro Products, Model J-E-S automatic micro-weld butt
welder /l-hS/. The second was a Baldwin-Lima-Hamilton, Micro-
Miniature Thermocouple, Type TCC-ES-^O, possessing a beaded
junction /l-\\2/ of 0.001" diameter copper and constantan wires-
For all of the temperature-recording runs, except one, the
detecting junctions were coated with a thin film of varnish of
the type used as insulation on electric motor windings. This
was accomplished by dipping the junction into the varnish and
allowing the excess to run off. Drying was completed at room
temperature after 2\x hours. The one exception was an iron-
constantan junction to which Sauereisen Low Expansion Cement #29
was applied in paste form and allowed to dry at room temperature
for 2li hours. This cement is claimed by the manufacturer to be
an excellent heat conductor and to exhibit high electrical
resistance. By these means the thermocouple junctions were
electrically insulated in order that the electrical gage circuit
would not be affected when the thermocouple was placed in contact
with the grid surface.
In all of the iron-constantan junction installations the
thermocouple circuits were completed with the junction wires
since the lengths of the leads were short and, in this manner,
intermediate junctions with other materials (e.g., copper) were
avoided. For two of the cases where the micro-miniature thermo-
couples were used the interconnecting leads were 0.020" diameter
copper and constantan wires. The remainder of the micro-miniature
juntion installations utilized OoOlO" diameter copper and
23

constantan leads. A discussion of "Heat Transfer to the Ambient
Via the Leads" is given by Baker /8-I.71/. His analysis results
in an expression for the heat transferred to the atmosphere by
the leads per unit time comparable to Eq. (1-16) (p. 1-5 )• But,
in Appendix I, this expression was the basis for obtaining the
thermal resistance of the leads, Eq. (1-17). Using (1-17) it was
found that the iron-constantan pair of 0.010" diameter had a
thermal resistance of l6iiO°F per BTU/hr,, Similarly, the copper-
constantan pair of 0.001" diameter in the micro-miniature thermo-
couple provided a resistance to heat flow of 32,600°F per BTU/hr.
In the latter case, about one inch of these wires is sufficient
to be considered "infinitely long" in the thermal sense. Hence,
the microminiature thermocouples should provide the more accurate
data because of their high resistance to heat flow.
For one run an iron-constantan thermocouple was taped to
the plate with the junction in position on the grid. The entire
plate surface was then covered by a plastic foam pad three inches
thick. Another test plate of the same size was placed on top of
the pad to press the thermocouple against the gage grid. In the
remainder of the runs utilizing iron-constantan junctions the
thermocouple leads were clamped vertically between rubber strips
in a test tube clamp mounted on a laboratory ring stand about
three inches above the detecting junction. The clamp was lowered
on the stand until the junction was in contact with the grid
surface. Lowering was continued until a bow of one-half to one
21*

inch was observed in the leads. The junction vas then centered
on the grid as accurately as visual observation through a magni-
fying glass would allow.
The micro-miniature thermocouples were all mounted in the
same manner. In these devices., the junction protrudes an extremely-
short distance beyond the end of a very small diameter stainless
steel tube which houses the 0.001" wires. Above the tube the
junction wires are attached to 0.010" pigtails of the same
material. The pigtail connections and the upper part of the tube
are then encased in a larger cylinder of ceramic material with
the pigtails extending from the top surface. The ceramic cylinder
vras clamped vertically in a lucite block which was attached to
the horizontal arm of a dial indicator stand. The junction was
then lowered into position on the grid by the lead screw action
of the arm to the point where perceptible bending of the junc=
tion wires could be observed through the magnifying glass.
An additional problem, common to all of these thermocouple
installations, is that of thermal resistance at the contact
between the junction and the grid. This subject is treated by
Baker /8=I.7li/. He states that the coefficient for surface
boundary conductance over the contact area has been observed to
vary from l£0 to l£,000 BTU/hr~ft 2=°F depending on the materials
involved, the contact pressure, the smoothness of the contact
surfaces and the temperature. Because of the wide range of this
coefficient the possibility of determining an analytical correc-
tion for the measured temperature to account for this thermal
2*

contact resistance appeared very remote. However, it vas expected
that careful scrutiny of the experimental data coupled with an
approximate heat transfer analysis might result in a reasonable
estimate for the correction.
Another means of measuring grid temperature which would not
involve physical contact with the strain gage is that involving
infrared techniques /l7|23|26|i;l/. Infrared radiometers and
pyrometers have been developed to measure temperatures of about
2£°C and above. Ovrebo discusses these instruments /I4I-I636/
and lists some of their present applications. These techniques
appear as if they might be well adapted to this temperature
measuring problem. However, further discussion of infrared
temperature measurement is beyond the scope of this study.
It may be observed from the preceding discussion that the
temperature measuring method of thermal resistance verification
is not as "direct" as the theory predicts it to be when the
encumbrances of experimental technique are considered. Because
of these complexities, a second method of verification was
attempted involving measurements of the electrical resistance
changes of the gage due to the self-heating. The basis for this
approach is Eq. (h) which may be rewritten as
A Rn / R_J 9 - *? Rth - (18)
I R
g g
That is, the fractional resistance change of the strain gage is
equal to the temperature coefficient of resistance of the gage-




The relationship between the numerator and denominator of
the term on the left in (18) was shown by Campbell /l5/ to be
nearly linear for first stage self-heating effects in wire gages-
The theory developed in Section 2 shows that both i^ and R are
constants for a given gage installation. Therefore, it is anti-
cipated that the slope of a plot of the fractional resistance
change versus the gage power output would be nearly constant and
equal to the product of Y) and Rtn calculated from Eqs. (12) and
(13) respectively.
The only equipment required for this resistance approach is,
that which has been previously described as being common to both
methods (p. 19). A schematic diagram of the strain gage test
circuit for the three-lead gage connection with external bat-






















Strain Gage Test Circuit
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c ircuit elements are t
a - li02 ohms,
b - 10 ,000 ohms,
c 200 ,000 ohms,
Rd- 120 ohms, and
Rg" 120 ohms.
The value of the applied bridge voltage was calculated from
basic balanced bridge circuit theory using the equation given by
the manufacturer /3-7/ for each gage current level desired. This
value, V]-,, was set on the voltmeter by means of the gain control
The amplifier was balanced to obtain a zero meter reading with
the "BDG PWR" switch in the open position. After closing the
switch the bridge was balanced by adjusting the "BRIDGE" poten-
tiometer, c, until the meter indicated zero. The potentiometer
reading was recorded to four places as the decimal fraction, x,
of its resistance. The relative position of the "BRIDGE" wiper
arm is indicated on the circuit of Figure h» The bridge voltage
was held constant by monitoring the voltmeter and making minor
adjustments with the gain control.
Readings of the relative potentiometer wiper position, x,
versus bridge voltage, V\, obtained in this manner were recorded
every ten minutes until at least two consecutive readings pro-
vided the same data. When this vras achieved it was assumed that
thermal equilibrium of the system had been attained. The wiper




method described below and plotted as a function of I R . The
y y
average slopes of the resulting curves were then determined,
divided by r£ and compared with the calculated value of R., for
the corresponding cases in accordance with Eq. (18). The values
of AR /R , Ig R and the experimental thermal resistances as
well as the calculated Rfv's are tabulated in Appendix III. The
plotted results for significant cases are also presented in
Section U.
It is to be noted that the BAM-1 was designed primarily for
use as a deflection type indicator rather than a null indicator
as employed in these tests. When used as a deflection type
indicator the meter may be calibrated to read the fractional
resistance change directly. However, the gain setting must re-
main unchanged throughout the test run. Since, in these experi-
ments, the gain control was used to vary the gage current, the
null method had to be used.
An analysis of the bridge circuit of Figure h under balanced
conditions as employed in the null detection method shows that
the fractional resistance change may be expressed as
ARg Rd
g "*g
(P-b) xc + Pb - (xc)
2
~^7
(M-N) xc + MN - (xc)
where: M « b + c = 210,000 ohms,
N = a + b - 10,1^02 ohms,
M - N - 199,598 ohms,
P=a + b + c« 210,ii02 ohms,
MN « 2,l8ii,U20,000 ohmsj





x = fractional potentiometer dial reading.
If the nominal resistance of the gage is used, R. /R 1. Since
the actual value of R may differ slightly from the nominal
value due to manufacturing tolerances this ratio was arbitrarily
set to yield zero resistance change for a gage current of two
milliamps in each test run. The values of ar /R tabulated and
plotted in Appendix III were calculated from Eq. (19) under this
premise.
The second method of thermal resistance verification in-
volving electrical resistance measurements, although theoretically
less direct than the temperature measuring method, is seen to be
much more direct in practice even though the data reduction scheme
might appear somewhat tedious. This approach was selected for
thermal resistance verification after it was found that the
temperature measuring scheme did not provide meaningful results.
30

Iw Discussion of Results
Following the procedures of Section 3 many tests were per-
formed in an attempt to verify the analytical conclusions of
Section 2 and, in so doing, to confirm the validity of the approxi-
mations which led to those conclusions. The experimental results
and some of the more specific details of the tests involved are
presented in Appendix III. Some of the test results are given in
graphical form in this section. These curves were plotted
from typical experimental results selected to demonstrate the
effect of particular influences on gage performance. A discussion
of these curves including correlation between the predicted and
experimental effects of the system variables will be found in the
ensuing paragraphs.
The fractional changes in electrical resistance of the
gage due to elevated oven temperatures for several of the uniform
heating cycles are listed in Table III-l (p. III-6). A graphical
presentation of the results from three of these temperature
cycles is given in Figure 5 (p. 32). Comparison of the first
and third cycle curves for gage 1A* on stainless steel shows
the necessity for thermal cycling to obtain the desired tempera-
ture compensation. The theoretical temperature coefficient of
resistance for gages operating under these conditions is shown
to equal 2ero in Appendix III (p. 111=1). Except for minor
""The letters following the gage numbers indicate different


































oscillations this is shown to be true by the third cycle curve.
The third curve plotted in Figure h indicates the resistance
variation with temperature for the fifth heat cycle of gage ID
attached to an aluminum plate. This curve is seen to be nearly
linear with a slope of 6.6 ^~ per °F. As determined in
Appendix III, the predicted slope is about 6^" per °F. These
curves, then, show that the analytical expression for the tempera-
ture coefficient of electrical resistance provides a reasonably
accurate prediction of its magnitude.
Figure 6 shows the variation of the temperature rise at
the thermocouple as a function of the power dissipation level of
the gage for several of the attempts at verification of the
system thermal resistance by the temperature measuring method.
These tests are discussed in detail in Appendix III. The results
from which the curves were plotted are listed in Table III-2
(p. III-7). It may be observed from the figure that the tempera-
ture rise becomes non-linear as the power level of the gage is
increased. This effect is attributed to the temperature depen-
dence of the physical properties of the materials involved.
From Eq. (17)
R.. AT /I2 R
,th o g g
Hence, the slope of these curves would represent the equivalent
thermal resistance of the system if the measured temperature
rise was actually that of the gage grid. The slope of the linear
portion of each of the curves plotted was determined and listed
in Table III-2 along with the analytical values for the system
33
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thermal resistance from Table II-8. It is i mined i at ely evident
upon comparing the two sets of values that correlation is
conspicuously lacking. From the discussion of Appendix III it is
apparent that the thermal contact resistance between gage grid
and thermocouple junction is the most significant reason for the
discrepancies observed. No means of determining reasonable
corrections for the measured temperatures to account for this
resistance could be obtained. As a result the temperature measur-
ing approach to system thermal resistance verification was aban-
doned.
The electrical resistance measurement method for determining
the system thermal resistance provided the results from which
the curves of Figures 7 , 8, and 9 were plotted. Based on Eq. (18),
Rth - ^¥V« .
g g '
the theoretical and experimental values of the system thermal
resistance were determined as described in Appendix III. These
values are listed in Tables III-2 and 111=3 (pp. IH-7, 8, and 9).
General discussion concerning comparisons of the analytical and
experimental values of these resistances will be found following
the discussion of the more specific results demonstrated by the
curves.
In Figure 7 the curves show the fractional electrical
resistance change of the gage versus the gage power level for
Runs 7, 8, and 12. These markedly demonstrate the non-linear
behavior of the system when high gage currents (high power levels)
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much lower power level for the smaller gage (1A in Runs 7 and
12) than for the larger (2A in Run 8). The curves for Runs 8
and 17 show the difference in gage performance which may be obtain-
ed between gages of the same type attached by the same technique
to plates of identical material. The most significant effects to
which this difference may be attributed are the thickness of the
adhesive layer bonding the gage to the specimen and the degree of
cure of the adhesive. This inconsistency is further demonstrated
by comparing the curves for Run 7 with Run 12 and Run 17 with
Run 31. Both pairs of curves include test runs performed before
and after several thermal cycles in an oven. The first pair
shows a marked difference between the resistance Indications
observed while the second shows almost no change at all. These
curves of Figure 7 are included primarily as graphical examples
of the problems encountered in trying to accurately predict strain
gage performance.
The expression for the equivalent thermal resistance of the
system developed in Appendices I and II is based on the approxi-
mations that neither the leads nor the exposed surfaces of the
gage grid and tabs provide paths for appreciable heat dissipation
compared with the path through the gage backing., adhesive and
specimen. The tests designed to demonstrate the validity of
these approximations are described in detail in Appendix III
(p. Ill-k). Figure 8 shows the results of these tests. Runs 12
and 13 were made under the same conditions except that different
size leads were used in each case. The maximum difference
37
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Figure 8
Effects of Lead Wires and Exposed
Gage Surfaces on Heat Dissipation
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between the two curves is about 20 &J^- . For a gage factor of
2 this amounts to an apparent strain of 10 -w~. which is negligible
in most strain gage applications. Another set of tests showing
the lead wire effects on the heat transfer mechanism is given by
the curves for Runs Ul and 1|2. Except for the different gage
connection circuitry as noted on the figure both runs were made
under the same conditions. The difference between these two
curves is less than that for the curves described above. From
these results it is concluded that neglecting the lead wire
effects was a valid approximation. The plotted results from
Runs 22 and 23 for the gage facing upward and downward respec-
,
tively indicate a negligible difference in apparent strain due
to heat dissipation from the exposed surfaces. Hence, this
approximation also appears valid.
The curves shown in Figure 9 (p. k0) indicate the effects of
some of the other variables involved in the determination of the
system thermal resistance. Runs 35/ 38, and 39 demonstrate the
minor effect of specimen surface area on the electrical resis-
tance change and hence on the thermal resistance of the system.
Comparing Runs 19 and 38 shows that the effect of plate thickness
might be appreciable. Similarly, Runs 25 and 33 show that the
effect of specimen material on the thermal resistance might also
be appreciable. However, hidden in these latter two comparisons
are the effects of adhesive and gage backing thickness and their
conductivities which may vary from one installation to another.
It can be shown from the calculations of Appendix II that the
39

Power Dissipated by Gage, q ( BTU/hr )






































Effects of Specimen Thickness, Surface Area.
and Material, and Gage Size on Heat Dissipation
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thermal resistance of the system might vary by about hfffo due to
these effects. Unfortunately, the same gage installation cannot
be made on specimens of different thicknesses or different
materials to isolate these effects. Overriding all these effects
is that of the grid size as shown by the difference between the
curves for Runs 25 and 38. It may also be noted from Figures
8 and 9 that the experimental slopes for the smaller gages are
much steeper than that for the largest gage. Thus, even though
the effects of specimen material and thickness might be appreci-
able in themselves, their fractional contribution to the overall
thermal resistance of the system becomes less significant as the
grid area decreases.
Examination of the calculated and experimental thermal
resistances listed in Tables III-2 and III-3 shows that the experi-
mental values range from about lOfo above to 60$ below the computed
values. Excluding the results of tests performed with gages 1A
and 1C the 60$ value drops to about 30$. One explanation for the'
poor results from gage 1A, which provided the worst correlation,
is that in the tests to demonstrate nonlinearity as shown in
Figure 6 the maximum permissible gage temperature, specified by
the manufacturer as 200°F, was probably exceeded. As previously
stated, this would weaken the bond between gage and specimen.
It appears that the weakening was permanent for this case and
that the results of following tests with this gage might be
questionable when compared with similar tests of other gages. The
results with gage 1C can not be explained in this manner.

It is seen, then, that although the thermal resistance cal-
culated from Eq. (13), or Eq. ( lU) for the smallest gages, does
not correspond exactly with the experimental value, its use in
Eq. (15) would provide a reasonable estimate for the grid tempera-
ture corresponding to a given gage current. As shown by the





Based on the analytical results of Section 2 and the experi-
mental results of Appendix III as discussed in the previous
section, conclusions regarding the temperature rise of the gage
grid due to self-heating effects in very small resistance strain
gages may be listed as follows;;
(a) For the smallest gages the gage power dissipation per
unit grid area is the dominant factor in predicting
the steady-state grid temperature rise.
(b) For the smallest gages the thermal resistance of the
system is almost completely attributable to that of the
gage backing and the bonding adhesive, and is indepen-
dent of the specimen size and material.
(c) In general the lead wires and the exposed surfaces of the
gage grid and tabs provide paths for an insignificant
fraction of the heat to be dissipated.
(d) In general the primary mechanism for self-heat dissipa-
tion from the gage is by conduction through the gage
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DEVELOPMENT OF THERMAL RESISTANCE PARAMETERS
1. Resistance to Heat Flow from Gage Grid to Tab (Rt )
Figure 1-1
Sketch illustrating nomenclature for heat
conduction in a single conductor with internal
heat generation.
For a single electrical conductor of rectangular geometry,
as shown in Figure 1-1, and insulated from its surroundings in
the y and z directions it can be shown /33~lil/ that the
temperature variation with length due to an electrical current
passing through it in the x direction is?
T -Tt - (qL
2/2k) 2(x/L) - (x/L) 2 (1=1)
where! T is the local temperature,
q is the heat generated (to be dissipated) per unit
volume and time,
L is half the length of the conductor,
k is the thermal conductivity of the conductor, and
x is the position relative to the end of the conductor.
Taking the derivative of (T-T. ) with respect to x and equating
to zero yields the maximum temperature location at the mid-length
1-1









where: q is the heat flow rate from mid-span to the end
of the conductor, and









Also R - 2
/
oL/Ax (1-5)
where? R is the electrical resistance of the conductor and
P is the electrical resistivity of the conductor 1
material.
Eliminating Av from Eqs. (I~lj) and (1=5) yields
Considering the gage grid to be of uniform cross section and.
stretched out forming a straight conductor of this type it is. •
asserted that, as a first approximation, the thermal resistance
between the point of maximum grid temperature and that at a
gage tab is, from Eq. (1-6),
H - <T o " T t>/ It - Rg / Vg kg (I=7)
where T is the maximum grid temperature
T t , q^. , and R as defined in Section 1,
oQ is the electrical resistivity of the gage material, and
k
q
is the thermal conductivity of the gage material.
Note that R', as determined by Eq. (I°7) s is based on the
difference between the maximum grid temperature and the average
tab temperature. The value of Rt to be used in the circuit
of Figure 2, however, is based on the difference between the
1-2

average grid and tab temperatures, It is necessary, therefore,
to define a coefficient, C, such that
ffo - T t) /% - Rt - c K ( J-8 )
where C is based on the relationship between the maximum and
average temperatures of the gage grid.
Again considering the grid as a straight conductor, a com-
bination of Eqs. (1-1) and (1-2) yields
T - T t - (T - T t ) [2(x/L) - (x/L)
2
] (1-9)






This value may be recognized as the ratio of the average to
maximum value for a parabolic distribution., Hence, for the
straight conductor
To- Tt-f (To -V • C 1- 11 )
Further, it is asserted here, and shown by the calculations of
Appendix II, that Tf»T
—
whence
T -T.*§ (T -T. ). (1-12)
Combining Eqs. (1-7), (1-8), and (1-12) shows that
C-| or Rt=f R{ (1-13)
Then, from (1-7) and (1-13), the thermal resistance based on




g / 6 /°g kg • • U-lW
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In actuality, the periphery of the conductor is not insulated
and heat is dissipated through these surfaces* However, this
additional heat dissipation is accounted for in the surface and
specimen paths of the circuit. Hence, the assumption of an in-
sulated conductor for this particular heat path appears valid.
The major discrepancy introduced by use of this straight
conductor approximation is that in the actual case, with the
grid in its "folded" configuration, there would be thermal inter-
action between the filaments of the grid involving all three
modes of heat transfer. However, because of the minute geometry
of the grid and the small temperature differences between
adjacent filaments it is expected that these effects are minor
„
Therefore, it appears safe to assume that the average temperature
of the gage grid is closely approximated by that of the straight
conductor.
Further, for the particular case of determining R, , it will
be seen, from the calculations in Appendix II, that the magnitude
of Rt from Eq. (I-lh), relative to the other parameters of
the system, is such that this discrepancy is inconsequential.
I-ll

2. Resistance to Heat Flow Through a Lead Wire (R« )
Considering the lead wire as an infinitely long, rod-type
fin with a source temperature equal to the average tab temperature
(T*.) it can be shown /33-bl/ that the heat removed from the tab
by the lead, per unit time, is
wheres h 1 is a combined heat transfer coefficient including
conduction through lead insulation and convection
from the surface,




is the thermal conductivity of the conductor material,




is the outer radius of the insulation.
Then,
And, from basic linear heat flow theory /33-35A
h« *






where h is the mean heat transfer coefficient for the outer
insulation surface,*
k, is the thermal conductivity of the insulating material.
Convection, as used throughout, is composed of natural
convection, radiation and surface resistance (scale, etc.) such
that the local heat flux across the surface is h(T«Too )° In




Since the leads are not of Infinite length a correction can be
made /33~h9/ such that




X is the length of lead in feet.
It will be seen from the calculations of Appendix II(p IL->!i)
that, for typical leads, m has a magnitude such that tanh mJ| = 1
for leads of approximately one foot or more in length. Hence,
the assumption of infinitely long leads is valid for this case.
It is to be noted that this development does not include
any local effects at the soldered junction between lead and
tab (or lead to terminal strip to pigtail to gage tab in those
installations where terminal strips are used). This was original-
ly omitted for the sake of simplicity and not added later since
the entire lead resistance term is shown to have little effect on
the overall system. (See Appendices II and III„)
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3. Resistance to Heat Flow at Exposed Surface
(a) From Gage Tab (R
s
)
From basic heat transfer theory /33~lb/ assuming that
the tab is at uniform temperature and that the area of
the heat transfer surface is that of the tab, the rate









where h, T t , and Too are as previously defined and A^
is the surface area of the gage tabo





-h— - ^ . (1-20)
It has been found from measurements on several gages
that a fair approximation for the area of one tab is
A' * 1 (A - A
g )
(1-21)
where? A is the overall area of the gage including
tabs, and
A is the area of the gage grid excluding loop
ends of the grid fi laments
o
The assumptions made in obtaining this parameter, Rg ,
appear to be justified for the same reasons as stated
in the last paragraph of Section 1-2 for the lead
resistance. -
If there is a layer of material covering the tabs
(e.g., paper, epoxy, waterproofing compound) a resistance
parameter similar to those developed in Sections I-i* and
1-7

1-5 (below) involving tab area, covering thickness and
thermal conductivity of the covering material must be
added in series with R . This resistance would appear
at the left of R
s
in Figure 2.
(b) From Gage Grid (R )
Considering the gage grid as a plane surface of area A
q
equal to the product of gage length by grid width (as
defined in Appendix II) and at a uniform temperature
T this parameter may be obtained in exactly the same




s "q— S^ (M2 )
If a gage covering exists additional resistance must
be included in series as above.
The assumption of a plane heat transfer surface of
area A may be justified by taking into account the
fact that the actual heat transfer surface includes the
sides of the grid filaments as well as the top and sides
of the loop ends. This additional area could be con-
sidered to fill in the spaces between the upper faces
of the grid filaments , thus completing the area such
that A q equals gage length times grid width.
The uniform temperature <, T 0> shown in equation
(1-22) is the average temperature developed in Section
1-1 and shown on the schematic diagram of Figure 2.
1-8

h* Resistance to Heat Flow through Gage Backing Material
(a) Under Gage Tab (Rbt )
Utilizing the assumptions of Section I-3(a) and con-
sidering linear heat flow, the rate of heat conducted
through the backing, from basic theory /l6<=2j 33-11$
U.-Z/ is kb At <T t - Tmt )
, T „,
where A. , T.,and T . are as previously defined, k.
is the thermal conductivity of the backing material
and djj is the thickness of the backing material.
Hence, T. - T , d.
(b) Under Gage Grid (Rb )
Based on the assumptions of Section I-3(b) the
backing resistance under the grid is obtained by the
procedure given above for the tabo Thus,
D o mg b , T „„*
1-9

£. Resistance to Heat Flow Through Bonding Adhesive
(a) Under Gage Tab (R
fc
)
Following the same argument as in Section I-ii(a)
where A. , T
.
, and T .are as previously defined, d is the




(b) Under Gage Grid (R__)
c g
In the same manner
with all parameters as previously defined.
I- 10

6. Resistance to Heat Flow Through The Specimen and Its Surfaces
(a) Under Gage Grid (R )
An exact analytical solution of the heat transfer
problem involving a very small (geometrically) heat
source on the surface of a metallic specimen would,
at best, be most complex . Such a solution may be obtained
by various means from material presented in the litera-
ture. /ll| l6j 19s 21j 22| 31s 33s hk} h6', h9/° However,
the object of developing these thermal resistance para-
meters was to establish a relatively simple relation-
ship between gage temperature and gage current which may
be used without excessive calculations. In addition, it
will be seen from the calculations of Appendix II that
the magnitude of the thermal resistance obtained from
the following derivation, relative to the other signifi~
cant parameters of the systems is such that a good deal
of latitude can be tolerated without serious overall
effect. Hence, the procedure used is considered adequate
for the purpose.
Several tests were made using an electric solder-
ing iron as a heat source at the center of the upper
surface of a horizontal, square, flat plate, analogous
to the gage installation. The iron was insulated so
that only the tip, which had about the same contact
area as a gage, was exposed. This method provided a
much greater heat flux than the gage and resulted in
1-11

higher temperatures throughout the plate which made
the temperature variation on the surface more discern-
ible. It was found that the temperature distribution
on both the upper and lower surfaces exhibited very-
little angular dependence and that* beginning at a
short distance from the center * the top and bottom
temperatures at a given radius were approximately
equal. Based on these findings* the heat transfer
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Figure 1-2
Analytical model for approximate heat
transfer analysis of a flat plate with
a small surface source.
In Figure 1=2 the heat conducted from the gage
grid is considered to flow vertically downward through
a small hemisphere of radius rq> the equivalent radius
of the gages then radially from the small hemispheri-
cal surface to one of larger radius* t, equal to the
plate thickness. At this point a transition is made
from the spherical to cylindrical geometry. The
1=12

hemisphere of radius t is replaced by a cylinder
having the same volume and depth „ The temperature of
the bottom and lateral surfaces of the equivalent
cylinder is assumed to equal that of the curved sur-
face of the original hemisphere^ Then, in cylindri-
cal coordinates, the heat flows radially from the
periphery of this inner cylinder as in a circumferen-
tial fin« The heat paths described above are modified


















Schematic Diagram of Steady State Heat
Transfer Mechanism Through Specimen
Figure 1=3 is a schematic diagram of the heat
transfer "circuit" for this sub-system* The nomen-
clature of the figure is defined below in conjunc-
tion with the derivations of the individual thermal
resistance parameters of the sub-system<>
The first component of the sub-system to be
investigated is the small hemisphere directly under the
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gage grid with a radius equal to the equivalent grid
radius, rQ „ Considering heat flow to be in the z
direction only (See Figure I-U) from the isothermal
plane at temperature T Q on top to the isothermal
















heat flow through small
hemisphere.
wheres q and T_q are as previously defined,
T
s
is the temperature of the hemis-
pherical surface,




« J Ag/ft* is the equivalent radius
of the gage grido
Integrating both sides over the surface yields
q - (t =T)2frkr .MP pg s' p g (1-29)
The assumption of an isothermal curved surface
leads to a temperature discontinuity at the intersec-
tion of the upper plane with the surface However,
because of the manner in which these temperatures are
T
q is the average temperature of the plate surface under
the gage. The actual temperature is higher at the center than
at the edges thus requiring a longer conduction path to be de-
creased to T s .
I-lU

used in the following steps and in view of the other
approximations employed, this discontinuity can be
accepted as having little effect on the overall para-
meter. The thermal resistance of this part of the




Next, the form for the thermal resistance
of the material between r_ and t is obtained
by considering that all of the heat flows
radially through concentric hemispherical
shells of incremental thickness (Figure I~£)
For this case the conduction equation becomes
Figure I-£
Sketch illustrating q - -k (2ltr^) °L . (1-31)
nomenclature for " r
heat flow through con-
centric hemispherical
shells.
Separating variables and setting up the integrals
T
(1-32)
where? t is the thickness of the specimen,
T^ is the temperature of the hemispherical
surface at radius t, and all other para=
meters are as previously defined,
from which
t-r 2+ k_
T-1 " <T s - Th )tr„ q« & n




T e -T, t-r t -r.
p p g
then the total conductive resistance to this point is
T™-T* 2t-rn 2t-r.
Note, from Eq. (1-35), if 2t» r
g
Rm + Rr* 2Rm ( J-36)
for conduction alone. Also note that because of the
convection from the upper surface of this hollow
hemisphere all of the heat does not flow all the way-
through the shell. Denoting the heat which does flow
through the shell as qk , the resistance of Eq. (I-3li)>
compatible with Figure 1-3, is
T -T« t-r t=r
o « -J £ » 2_ . p a
. (1-37)
As previously described (p. 1=12)
,
tne transition
from spherical to cylindrical geometry is now made
by replacing the hemisphere discussed above, with an
equivalent cylinder of the same volume and depth. For
this inner cylinder
Volume - |^t3 « 7Tr2 t (1=38)
from which the radius of the equivalent cylinder is
J 2/3* t.
Next, considering radial heat flow in the outer
hollow cylinder the conduction equation takes the form
qfk - - kp(21hrt) £L . (1-39)
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Separating variables and setting up the integrals
-T r
£ - - 1 [ P dr fr ].n\
Th
v ) ^2/3 t
from which the conductive thermal resistance is
Rfk -£-* = T^-r ln ^ (I- 1*!)qfk siry: ^ t
where; r /a /vr is the equivalent radius of
the plate,
A_ the area of the surface on which the gage
is attached , and
T is the temperature of the surface at the
outer periphery of the plate.
The heat dissipated per unit time to the atmosphere
from the outer edge of the specimen is given by
qfk - h(2ivrpt)(T e«Ta> ). (1-1*2)
The thermal resistance at this surface is then
The total resistance of the q~. leg of the circuit in











The heat dissipated from the upper and lower sur-
faces of the fin portion of the specimen is obtained
next. Assuming that both faces have the same tempera-
ture distribution and the same surface coefficient




« 2h(2irr dr)(T~TgB ). (I-I16)
Since both surfaces are being considered in (I-U6) the
right side has been multiplied by two. The tempera-
ture distribution for this region is obtained in the
same manner as T
e
in (I-hl) such that
In
T = T 727Tth Hfk 2frkt
(I-U7)













Carrying out the integration yields
qfh - 2 7Th(Th -T00 )(r2 - | t 2 )
qfk k t
P
rp In (r 2
v
P ! *].S27T t
Then, inserting qf . from (1=15) the heat dissipated
(I-li9)






Hence, the combined thermal resistance of both the
upper and lower surfaces is
R tk




Yet to be obtained are the thermal resistances
of the upper and lower surfaces of the central
cylinder. Since it was previously assumed that the
bottom face of the central cylinder is at tempera-
ture T
n ,
the heat flow rate from this surface is
simply
<*hb "
h(ffrt2XTh- T« ) (i-52)




On the upper surface heat is lost only from
the area between r and \/2/3 t since the heat
source (gage grid) covers the area within the
radius r . The heat dissipated from this area,
y





From Figure 1-3 it can be seen that qk may be
obtained by dividing the temperature drop T s - T^
by the combined resistance of Rr , R^, Rfk , Re , and
r_. The equivalent resistance for the combination
of all these except Rr is
Kcomb -
_| + —L_^ + -^i
—
Taking Rhb from (1-53), Rfk from (I-Ul), \ from
(1-1*3) and R^ from (I-E>1) this equivalent resis-
tance becomes












Having established the expressions for all of
the individual thermal resistance parameters of
Figure 1-3, the resistance to heat flow through the
specimen under the grid, Roa > is their combined
equivalent. As previously stated, the total resis-
tance of the q^ leg is the sum Rr + Rcorik° The
calculations of Appendix II show that the magnitude
of Rn^ is such that the heat flowing in the q. . leg
is practically negligible. As a result, a good
approximation for the equivalent thermal resistance
of the sub-system is simply the sum R + R
r
+ Rcomb-
Hence, from Eqs. (1=35) and (1-56) <,
ftp9 -




Because of the geometry of the specimen used
as a model for this development, use of the thermal
resistance, R , from (I~6o) is restricted to those
installations on flat plates where the gage is
mounted near the center of a relatively large sur-
face area,
(b) Under Gage Tab (Rpt )
Since the gage tab is approximately at the
same location on the specimen as the gage grid, the
same procedure may be followed to obtain the
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resistance of the specimen for heat flow from a
gage tab as that developed above for flow from the
gage grid. In this manner, with r now as the
source radius,
where R„ K is identical to that of the previouscomb F
section and is exhibited as the last term of (l»60).
Use of FLt from (I-6l) is subject to the same




CALCULATION OF THE COMBINED THERMAL RESISTANCE OF THE HEAT
TRANSFER SYSTEM
To determine the magnitude of the thermal resistance of
the entire system the individual parameters developed in
Appendix I must be evaluated and appropriately combined. These
calculations are made herein and lead to approximations which
result in a reduced thermal circuit for obtaining the combined
thermal resistance. The overall resistance is then calculated
from the reduced circuit for the gage-specimen combinations
employed experimentally in attempting to determine the validity
of this expression for the combined thermal resistance of the
system.
A. Strain Gage Properties and Dimensions for use in Calculations
The resistance strain gages used for the experimental
verification were manufactured by Micro-Measurements Inc., Romulus,
Michigan. The three types selected were the three smallest
sizes offered in a series possessing similar grid and tab
geometry. Each gage consists of a single constantan etched
foil grid mounted on a flexible epoxy backing. No gage covering
was utilized. Some pertinent gage properties and dimensions,
listed in Table II- 1, are used in the calculations that follow.
Gage length, as specified in the table, is the length of the
grid filaments only. Overall length includes the addition due
to the solid loop ends which connect adjacent grid filaments.




distance between the outer edges of the outermost grid filaments.
Overall gage thickness, by manufacturer's specification, is

















Gage Factor, F 1.98 + 1% 2.03 + 1% 2. Oli + 0,$%
Gage Length, % g(*n) 0.015 0.031 0.062
Grid Width, w (in) 0.020 0.032 0.063
Overall Length, % (in) 0.02^ 0.0U2 0.076









Overall Area, A J? w
(in2 xlO"3 )
2.^0 5.88 lii.il
Number of Grid Filaments 17 19 21
Measured Tab Area, A
(in2xlO'3 ) 0.698 I.6I4 3.8U
Approximate Tab Area, A*
from Eq.(I-21)(in2xlO"3 ) 0.733 1.63 3.50
Equivalent Grid Radius,
r




t /At/ir ^ in^
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B. Evaluation of Individual Thermal Resistance Parameters
The magnitude of each of these resistances is determined
below in the order in which the parameters were developed in
Appendix I. To obtain these values the applicable properties
and dimensions were inserted into the expressions of Appendix
I together with the appropriate constants for compatibility of
units.
1. Resistance to Heat Flow From Gage Grid to Tab (R. )
This parameter is evaluated from
Rt-Wg kg • (I~1W
Using? R 120 ohms,
/°g 18.5 micro-ohm-inches, and





. 92M0Q _F o1
6(18.5 x 10-6 )(lli) BTU/h?
The value utilized for R
q
is the nominal resistance of
the gages employed experimentally (Table II-l). That
of Pg is an average of several values for the electri-
cal resistivity of constantan /36-1130s30-2353,2355j
38-1^5/ over the temperature range from 20°C to 100°Co
That of k
q
is also an average of several published
values for the thermal conductivity of constantan




2. Resistance to Heat Flow Through A Lead Wire (R^ )
This resistance is calculated using
fy
- 1 /1T rc ^hM^Tj (1-16)
and i
h'» _ 1 . £ fn (rt /r£ )
h * ^ki d-17)
In some of the early tests AWG #22 solid copper
wire with vinyl insulation was used. For this
wire the following properties and dimensions applys
r - 0.012$ in r, - 0.0215 in
k
c
- 226 BTU/hr-ft-°F k
£
0.089 BTU/hr-ft-°F
where k,, and kj were obtained from the "Materials
Selector" /lli-llO, 197 respectively/. The surface
heat transfer coefficient, h, lies in the range
between 1 and 5 BT\j/hr-ft^~°F for natural convection
/33-15A Arbitrarily taking h - 2.00 BTU/hr-ft 2-°F
h« - i = 2. 01 BTU







irCo.oizs/iz) JtU.oiH.zittCo.ous/tg) "" ZH0 Bru/hr
As noted in the development of R« in Appendix
I (p. 1-6) this value applies only for "infinitely
long" leads. For finite leads the correction
factor, tanh m2 , must be applied. But, tanh x*»l











) /2h« ri /kc - 5.1*0 ft"*.
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Hence, for this size lead, a length of about 6-£
inches is sufficient for the "infinitely long"
lead expression to apply. Variations in the proper-
ties and dimensions used in calculating m for dif-
ferent leads would require minor adjustments in
this length criterion. Therefore, as a general
rule, if the lead is approximately one foot or
more in length it may be considered "infinitely
long" for purposes of this calculation.
For higher values of h in the range specified
above, R^ decreases by less than hpfo. Also, for
AWG #28 copper wire, as used in later tests, Rj
would be approximately double that calculated above.
Most installations will utilize leads in the range
from #28 to #22 gage wire. Then, considering both
variations in the surface coefficient and wire
size, the value of thermal resistance obtained
above is typical for the leads used in connecting
strain gages.
3. Resistance to Heat Flow at Exposed Surface
(a) From Gage Tab (R )






Using the measured values of tab area from Table
II-l (p. II-2) and surface heat transfer coefficients
II-S

in the range specified in the preceding section
for this calculation the thermal resistances listed
in Table II-2 were obtained.
TABLE II-2




Gage No. Surface Heat Transfer Coefficient in BTU/hr-ft
2
-°F










(b) From Gage Grid (R& )
Inserting the grid areas specified in Table
II-l and the same surface heat transfer
coefficients as for the tab into
(1-22)
yields the thermal resistances of the grid surfaces
as listed in Table II-3.
R
a
- 1 / hA
g
TABLE II-3
RESISTANCE TO HEAT FLOW FROM EXPOSED SURFACE OF GAGE GRID
R
a Wu/hr'

















U. Resistance to Heat Flow through Backing Material
(a) Under Gage Tab (Rbt )
The backing resistance under a tab was
determined from
Rbt
- db /Vt • • ( J-2^
The measured tab areas were taken from Table
II- 1. From measurements made on many of the
gages used it was determined that the foil
thickness was approximately 0.0002 inch. Hence,
from Section II-A (p. II-l), the backing
thickness was 0.001 + 0.0002 inch. A reason-
able value for the thermal conductivity of
the epoxy film appears to be 0.115 ± 0.015
BTU/hr-ft-°F /20-16, 176j lU-13, 180/. This
value is for non-filled epoxy. The exact
composition of the film used by the manufacturer
was unknown but for a maximum electrical
resistance between gage and specimen it seems
reasonable that a non-filled epoxy would be
used. Using the properties and dimensions in
Eq. (I-2U) leads to the following values for
backing resistance under a tabs
°F
Rbt " l$° Bttf/hr for 9a9 e #1
o
F
Rbt - 63.6 gpuyhr for gage #2
oFRbt " 22 ' 3 BTTT7nr for 9a9e #3 «
II-7

Considering combinations of the extremes of
the ranges in backing thickness and thermal
conductivity which are possible these thermal
resistances have an uncertainty ranging between
-295S and +38$.
(b) Under Gage Grid (Rba )
The backing resistance under the gage grid
was found in the same manner as that under a
tab. Substituting the grid area from Table
II-l (p. II-2) and the backing thickness and





b / VB (I"25)
the thermal resistance of the backing under
the grid becomes:
°F
Rbg " 31*8 Bfu7h7 for gage #1 >
Rbg 10* 5Tu7nr for gage #2 >
Rbg " 26 ' 8 BTU7KF
for gage #3 '
The same range of uncertainty applies to the
resistance under the grid as that for the
resistance under the tab.
5. Resistance to Heat Flow through Bonding Adhesive




= da / Vt ( J-26 )
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As in the case of the backing resistance
under the tab, the tab area is obtained from
the measured values in Table II-l. Eastman 910
adhesive was used as the bonding agent for all
installations tested. The thermal conductivity
of this cyanoacrylate cement was not available.
However, since a good many of its properties
/2jl8/ coincide with those of other acrylic
plastics /20-l6jlU-17U/, it was assumed that
the thermal conductivity would also coincide.
Hence, a value of 0.125 ± 0.025 BTU/hr~ft~°F
was accepted as being reasonable.
Determination of the adhesive thickness was
accomplished by measuring the elevation of the
exposed surface of the backing material at
each corner of the installed gage with respect
to the adjacent specimen surface to the nearest
0.0001 inch with a vernier micrometer and then
subtracting the backing thickness. This was
done on several specimens for which the same
gage application technique had been employed.
By this method it was found that the thickness
of the cement was 0.0005 ± 0.0003 inch.
Using the properties and dimensions described
above in Eq. (1-26) resulted in the following









8 muz? for gage n >
Rct - 29.3 g^ for gage #2,
R
ct "
12 'S fffc ^
9a9e #3 °
Combining the extreme values of the ranges
of adhesive thickness and thermal conductivity
leads to an uncertainty range from ~66# to +100$
for this thermal resistance parameter,
(b) Under Gage Grid (R__)
Inserting the grid area from Table II-l
(p. II-2) and the adhesive thickness and thermal
conductivity as described above in the case for
the tab into
R
cg " <Wg < I=27 >
resulted in the values for the thermal resis-
tance of the adhesive under the grid listed
below:
°F
Rro - 160 -— for gage #1,
R
cg " kS - h BTU7nr
for gage #2 >
°F
Rcg - 12.3 ^» . for gage #3.
As for the resistance of the cement under a tab,
the extremes in the uncertainty range for these
resistances are -66% and + 100$
6. Resistance to Heat Flow through the Specimen and its
Surfaces
(a) Under Gage Grid (R )
To determine the magnitude of R all of
pg
the thermal resistance parameters of the
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sub-system shown in Fig. 1-3 (p° 1-13) must
be evaluated and combined . These values are
determined below in the order in which the
parameters were developed in Section 6 (a) of
Appendix I.
The resistance of the small hemisphere
directly under the gage grid is
(1=30)R -l/2<irk rm p g
The equivalent radii of the grids, r , are
y
listed in Table 11=1. The gages were attached
to specimens of stainless steel in the 300
series and 202li aluminum. The respective
thermal conductivities , k , for these materials
are 9.U BTU/hr=ft=°F and 111.0 BTU/hr-ft~°F
/lU-6l,10l/. Inserting these values into
(1=30) yields the thermal resistances listed
in Table II-U.
TABLE II-U















Appendix I gives the resistance to heat flow
through the hollow hemisphere portion of the
spec imen as
S « R *-*> (1-37)
The grid radii are again those of Table II- 1.
The thickness of the specimens used, t, and
the corresponding values of R are listed
below in Table II-5»
TABLE II-S
RESISTANCE TO HEAT FLOW THROUGH HOLLOW HEMISPHERE
°F






























The equivalent thermal resistance of the
parallel branches in the q. leg of Figure 1-3
(p. 1-13) is given by
h k*.
The plate thicknesses, t, and thermal conduc-
tivities, kp, are as previously specified.
Taking the surface heat transfer coefficient,
h, as 2.00 Erru/hr-ft 2=°F the resulting values
of Rf-Qroh for the various plate sizes are
listed below in Table II<=6. Variation of the
surface heat transfer coefficient within the
range specified in Section II-B-2 (p. II- h)
results in a range of these resistances from
about half to double the values tabulated.
However, it will be seen below in the calcula-
tions for Rtn that this variation has little

































•^Numbers in parentheses are dimensions of surface of plate
employed.
%
The thermal resistance at the upper surface




Considering the gage-specimen combinations
used, this expression will have a minimum value
for gage #2 mounted on a 2 ,,x2"x«." aluminum
plate with a surface coefficient of 5° 00 BTU/hr~
ft 2-°F. Under these conditions R,. 986
Examination of Tables 11=5 and 11=6 shows that
this value is almost 60 times the resistance of
the heat path parallel to R, . in Figure 1=3





times the sum of the maximum values from each
of these tables. This indicates that the heat
flow through the R, branch is negligible com-
pared with that through the parallel branch
composed of Rr and Rcomb" Hence , the assumption
involved in the final compilation of R „ in
P9
Appendix I (p. 1-21) is justified.
The total resistance to heat flow through
the specimen and its surfaces under the grid
is then determined from
Rpg " «m + Rr + Rcomb (^6o )
where R^, R
r ,
and Rcomfc are obtained from
Tables Il-h, £, and 6 respectively. These
values are listed in Table 11=7 for the various
combinations of gages and specimens employed
experimentally.
Note from Table 11=7 that the size of the
specimen has relatively little effect on the














Steel 6"x6"xl/8» U.l 22,3 11.1




6 ,!x6»x.Oii8" 38.6 19-8 8.5
li"xV'x.0li8» 39.9 21.1 9.8
2"x2"x.Oli8" U6.5 27.7 16.5
A lum i num 6"x6 ,,xl/8 ,, k.36 2.77 1,82
li»xli»xl/B" 5-51i 3.95 3.00
2"x2"xl/8" 11.6 9.98 9.03
6»x6 l,x.Oli5" h. 15 2.56 1.61
hnxknx.0lS" 5.38 3.79 2.8a
2»x2"x.Oli5" 11.8 10.2 9.28
(b) Under Gage Tab (R^.)
The thermal resistance of the specimen under a gage
tab may be computed from Eq. (I-6l)(p.I~22) . This
expression is identical to (I~6o) from which Rpq was
obtained above except that the equivalent tab radius,
r>, has been substituted for the equivalent grid
radius, r
g
. But Table II-l (p.II-2) shows that r.
and r
g
are of the same order of magnitude, Therefore,
the values of this resistance parameter, R .
, will
have the same order of magnitude as those listed
in Table II-7 for the
II-16

resistance under the gage grid. Additionally, in
determining the overall thermal resistance of the
system, R.,, in Section IK below, it vill be
seen that exact values of FL t are not required.
Hence, the order of magnitude values referred to
above are sufficiently accurate for the specimen
resistance under a gage tab.
C. Combination of the Individual Parameters Forming the
Equivalent Thermal Resistance of the System
The total, steady-state, thermal resistance of the
system is now obtained by examining the magnitudes of
the parameters evaluated in Part II-B above, making
various approximations to eliminate several of the para=
meters based on these relative magnitudes, and then
combining the remaining terms analytically. To aid in
visualizing the overall effect of the individual resis-
tances Figure 2 (p.io) is repeated here as Figure II-l.
The values calculated in Part II-B for these parameters
have been inserted in the appropriate blocks of the
diagram. Reading down, the numbers in the blocks
correspond to Gages 1, 2, and 3> respectively. The
specimen resistances under the grid, R^ , as shown are
averages of those listed in Table 11=7 for the various
specimen sizes corresponding to a given gage size and
specimen composition. The values of R^ shown are







SCHEMATIC DIAGRAM OF STEADY STATE HEAT TRANSFER SYSTEM WITH PARAMETERS EVALUATE
Numbers reading down are for gages one, two and three respectively in °F-hr/BTU.
Rpt and Rpg
are averages for the various specimen sires*
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determined, their orders of magnitude are the same and,
as is evident from the diagram, their exact magnitudes
are inconsequential.
Upon examining the parallel combination in the
upper right hand corner of Figure II-l it is immediately
evident that the values of R in the center leg are
exceptionally larger than the values in the other two
legs. It can easily be shown that these values are at
least 200 times as large as the corresponding parallel
equivalents for the upper and lower legs. Therefore,
in all practicality, R can be treated as being infini-
tely large and be eliminated from the heat transfer




tance of the remaining parallel combination is insigni-
f icant compared with the extremely large value of R.
with which it is in series.- Hence, the only appreciable
contribution to the thermal resistance of the first tab
path is that from the grid to the tab itself. A similar
analysis of the second tab path yields the same result.
In the development of the grid=>to<=tab resistance
parameter, Rt , in Appendix I it was assumed that the
effect of thermal interaction between grid filaments was
negligible for this application (p. I-lj). From the
relative magnitudes of the parameters involved it may
be seen that even if this effect would reduce Rt by 90$,
which is unlikely, the ratio of R. . to the resistance of




Another assumption in the development of R^ (p„I-3)
was that T^T^ . Since the temperature drop along the
path is proportional to the resistance of the path it
is evident from the previous paragraph that the tempera-
ture drop from the tab to ambient is less than l/lOOO
of the total drop. Thus, as an example, for a tempera-
ture difference of 5>00°F between the grid and ambient
the drop from the tab to ambient would be less than £°F.
Hence, this assumption is also justified.,
Also note from the above analysis that the leads
have a negligible effect on the heat transfer mechanism.
Thus, as asserted in the development of the lead resis-
tance, R^ (p. 1-6), the details of local conditions at
the lead-tab junction are insignificant.
Having reduced each of the two tab paths to the
single value of R. the circuit of Fig. II- 1 can now be
further reduced.
For the values tabulated on the diagram it can be
shown that, for a given gage, the equivalent resistance
of the upper three parallel paths (the two tab paths
and the surface path) is at least 1?U times the sum of
the resistances in the specimen path. Even considering
the case where the adverse extremes of the ranges of
these resistance parameters occur together the ratio of
the parallel equivalent resistance of the upper three
paths to the series equivalent resistance of the lower
path is about hOtl. These ratios are sufficiently
II- 20

large that, for practical applications, the parallel
combination of R
t ,
Rt , and R may now be considered as
an infinitely large resistance. Hence, the two tab
paths and the surface path may be eliminated from the
analogue circuit.
The remaining portion of the schematic diagram is
indicated by the heavy line in Figure II-l. This line
shows appreciable heat flow through the specimen path
only. Thus, the parameters which resist heat flow from
the gage grid through the gage backing, Rba J through the
bonding adhesive, R_ n ; and through the specimen and itseg
surfaces, R_
q ,
to the atmosphere are the primary ones
affecting overall thermal resistance of the system, Rth .
Therefore,
R
th " (f°-T« )/qo " Rbg
+ R
cg + Rpg • <H-«
Using the values for R . R, , and R computed ina eg' bg> pg
Section II-B, the total thermal resistance of the system
for each of the various test combinations is as listed
below in Table II-8. Considering combinations of the
extremes of the ranges in all of the properties and
dimensions and the accuracy of the approximations em°
ployed in calculating these tabulated values of R., it is
estimated that an uncertainty ranging between =>1j0$ and
+55% should be associated with each value
.
Using the parametric expressions for R. , R , and
R
pg
from Eqs. (1-25), (1-27), and (I~60) respectively,











































































The specific experiments performed in accordance with the
procedures described in Section 3 are discussed in detail in
this appendix. Values of the various parameters determined from
these tests as well as the status of the test. variables for each
•i
run are tabulated at the end of this section.
The fractional changes in the electrical resistance of the
gage due to elevated oven temperatures for several of the uniform
heating cycles are listed in Table HL-1 (p. III-6). The tabulated
values of resistance change show relatively minor variations
about zero for the gages attached to the stainless steel plates
except for the first cycle of gage 1A where a great deal of
hysteresis was evident. These trends indicate the effectiveness
of the self-temperatu re-compensation characteristics of the gages.
Those gages attached to aluminum plates show an increasing posi-
tive resistance change with increasing temperature.
The theoretical temperature coefficient of resistance for
the case of uniform heating of a self-temperature-compensated
gage installation is given by Eqs. (9) and (11) (p. 7) as .
rc *f(<xp - <*c ) . (ni-i)
In applying this expression to the gage 1A <= stainless steel
specimen combination it is seen that Y[ ' is zero because the gage
is compensated for the material to which it is attached.. That
is, the thermal coefficients of expansion for the specimen and
III-l

the material for which the gage is compensated are the same.
For an aluminum specimen, however, this result would not be zero
since the expansion coefficients are different. Using coeffici-
ents of 9.6 x 10"6 / °F and 12.6 x 1(T6 / °F respectively for
the stainless steel and aluminum and the gage factor (1.98)
provided by the manufacturer for gage #1 it is predicted by
(III-l) that the thermal coefficient of resistance of the system
for this case is about 6 ££ per °F. As before, the material
properties used are averages of the values listed in several
publications and may vary by about ± 10$.
The results of the several attempts at verification of the
thermal resistance of the system by the temperature measurement
method are listed in Table III-2 (p. III=»7)« These tests were
all performed on 6"x6"xl/8" stainless steel specimens.
Runs 1 through h employed the iron-constantan thermocouples
with integral leads. In Runs 1 and 2 the junctions were varnish
coated and mounted vertically. Both provided almost identical
results as seen from the tabulated values. For Run 3 the varnish
coated Fe-Cn thermocouple was mounted horizontally and thermally
insulated from the environment as described in Section 3. This
scheme was expected to produce higher junction temperatures than
the previous cases. But, as is obvious from the tabulation, the
resulting measured temperatures were lower. This result is
attributed to a greater contact resistance between the thermo-
couple and the gage grid due to the lower pressure applied. Run
h utilized the Sauereisen #29 coated junction mounted vertically.
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The results, as listed, are seen to be about the same as those
of Run 3. Again, high contact resistance is deemed to be the
cause due, this time, to the greater surface roughness of the
Sauereisen cement.
The varnish coated, micro-miniature, copper-constantan
thermocouple junction was used for Runs £ through 12. Runs 5
and 8 for gage 2A employed 0.020" and 0.010" diameter leads res-
pectively. It was expected from the calculation discussed in
Section 3 (p. 2U ) that both runs would yield the same results.
However, Run 8 with the smaller leads provided appreciably lower
temperatures as seen by the values listed in Table III-2. The
difference can only be attributed to greater contact resistance
as before. Run 12 utilized the same apparatus as Run 7 (gage LA
and 0.010" diameter thermocouple leads) but was performed after
four intervening uniform heating cycles in the oven. The large
increase in measured temperatures shown may be partially due to
a better bond between gage and specimen resulting from adhesive
curing but is more probably due to better physical contact between
the thermocouple junction and the gage grid. The fact that Run 6
(0.020" leads) resulted in approximately the same values as 12 is
merely coincidental. It was found that the electrical resis~
tance between thermocouple and gage was only about 75 ohms for
Run 6. Hence, an appreciable leakage path for gage current was
established and the normal system performance was extensively
disrupted.
The method for determining the equivalent thermal resistance
of the system by measuring the electrical resistance changes of
II 1-3

the strain gage provided the results listed in Table III-2
(for Runs 7, 8, and 12) and III-3. The tabulated values were
obtained by the procedure described in Section 3. The applicable
variables for each test performed are also listed in the tables.
In addition, the slope of the linear portion of the curve from a
plot of the fractional change of electrical resistance of the
gage as a function of the power dissipated by the gage was ob-
tained for each run. Theoretically, this slope is the product
of the temperature coefficient of electrical resistance and the
equivalent thermal resistance of the system as shown by Eq. (18);
The slope obtained as above was divided by 7f from Eq. (12) (p. 8)
to provide the experimentally determined value of R^ listed in
Tables III-2 and III-3. For comparison purposes the correspond-
ing calculated value of R^ from Table II-8 (p. 11-22) is also
tabulated for each run.
In general, all of the tests made using the resistance measur-
ing technique were performed in the same manner with the same
apparatus. However, minor variations in equipment and procedure
were employed to show the effect of specific operating conditions
on system performance in some of the experiments. These are
discussed below.
To demonstrate the negligible heat dissipation through
the lead wires Runs 12 and 13 were performed with the same gage-
specimen combination but with different leads. In Run 12 AWG
#22 (0.025" diameter) solid copper leads were employed, AWG #28
Ill-li

(0.0126" equivalent wire diameter) stranded copper wires were
used for Run 13. Both tests were made using the three-wire gage
connection circuit. This circuit compensated any lead wire resis-
tance changes due to temperature variations but did not prevent
heat dissipation through the leads.
A further indication of the lead wire effects was shown by
Runs lil and li2. These tests were made using the same gage on the
same specimen and with the same size leads (AWG #28 stranded
copper) but in different circuits. Run lil employed the three-
wire scheme as above. In Run h2 the standard two-wire bridge
connection was used. If any temperature variation occurred in
the leads its effect would be easily observed by comparing the
results of these two runs.
The relative significance of the heat dissipated from the
exposed surfaces of the gage grid and tabs was shown by Runs 22
and 23. These tests were based on the principle that the amount
of heat convected from a hot surface facing upward is different
than that from a hot surface facing downward /33-311/. Run 22
was performed with the gage on the upper surface of the plate
as in the general case. The specimen plate was then turned over
and Run 23 was made with the gage on the bottom. Any appreciable
difference between the results of these two experiments may be
attributed to the heat dissipation from the exposed surfaces.
Discussion and evaluation of the experimental results
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